The effect of post-growth annealing and magnetic field on the two-way shape memory effect (TWSME) of Ni 52 Mn 24 Ga 24 single crystals was investigated. We found that samples subjected to a two-step post-growth annealing can provide a better TWSME than that of directly quenching from the parent phase. By way of comparison, the martensitic microstructures of samples, subjected to two different post-annealing treatments, were studied by means of optical and electron microscopy. Moreover, we found that the magnitude and direction of TWSME can be changed optionally by selecting the strength and direction of the magnetic field. The work output by the sample on a fixed magnetic field of 1.2 T was calculated to be 12 kJ m −3 , which is comparable to that of Terfenol-D actuators, being of order 10 kJ m −3 reported by Clark et al (1988 J. Appl. Phys. 63 3910).
Introduction
The shape memory effect (SME) is a unique property of certain alloys (including Fe-, Cu-, and Ti-based alloys) exhibiting a thermoelastic martensitic transformation [1] [2] [3] . When the alloy is deformed in the low-temperature martensitic phase, it recovers its original shape through the reverse martensitic transformation upon heating to the high-temperature austenitic phase. Generally, this SME is called the one-way shape memory effect. On the other hand, a spontaneous shape change by heating and cooling based on the martensitic transformation is defined as the two-way shape memory effect (TWSME), noteworthy without pre-deformation in the martensitic phase [4] . The exact origin and mechanism of the TWSME can be attributed to the dislocation arrays, which are generated during thermomechanical or thermal cycling. The defect energy of the dislocation arrays is minimum in the trained martensite variants, i.e. the preferentially oriented martensite variants, which have been repeatedly induced during training [4] . Moreover, it is well known that the most important TWSME characteristic is its magnitude. Accordingly, it is also required that the magnitude of TWSME is highly reproducible, and almost constant in successive thermal cycling. In the previous work, some so-called training procedures are used to obtain the desired TWSME, and most training procedures are based on the repetition of transformation cycles from the austenitic phase to preferentially oriented martensite. Examples of these training procedures are repetition of the oneway memory effect, with temperature cycles at a constant strain or constrained cycling, with temperature cycles at a constant stress and superelastic cycling [5] [6] [7] . Under the application of an external stress of 102 MPa, the leading shape memory material of Ti-50.2 at% Ni cold drawn and annealed wire can provide a TWSME with a strain of 4% based on the B2-R-B19 transformation with a large temperature hysteresis of about 40 K [5] . However, these training procedures can also result in some disadvantages such as changes of the transformation temperatures and hysteresis, and residual deformation of the parent phase. Ni 2 MnGa is a unique Heusler alloy exhibiting ferromagnetism and undergoing a thermoelastic martensitic transformation with a small temperature hysteresis of 6 K [8] . It has recently been attracting interest as a potential SME or TWSME material [9] [10] [11] [12] . Based on the previously measured lattice parameter data [13] , Tickle and James [14] have calculated a maximum strain of 6.5% accompanying the martensitic transformation in Ni 2 MnGa alloy. However, experimentally, only a small strain was observed in a free sample due to self-accommodation by the martensite variants to minimize the free energy of the system [15] . A magnetic field can be very effective in changing the twin structure, and hence the sample shape, because the uniaxial easy direction of magnetization changes across the twin boundary and the anisotropy energy is large.
The purpose of this paper study is to make clear the martensite microstructure for Ni 52 Mn 24 Ga 24 single crystals subjected to different post-growth annealing treatments by means of optical and electron microscopy. Accordingly, the influences of post-annealing and magnetic field on the TWSME in Ni 52 Mn 24 Ga 24 single-crystal samples were investigated in detail.
Experimental details
Since the martensitic transformation temperature of stoichiometric Ni 50 Mn 25 Ga 25 is about 200 K, quite lower than room temperature, the composition of Ni 52 Mn 24 Ga 24 is adopted in this paper to increase the martensitic transformation temperature to room temperature. The starting material for the crystals was prepared from metal elements Ni, Mn, and Ga with a purity of 99.95%. The single crystals were grown in the [001] direction of the cubic parent phase by the Czochralski method. Samples were cut having thicknesses in the [100], [010] , and [001] (growth) directions of 9, 2, and 12 mm, respectively. By way of comparison, two samples were used in this paper, which were subjected to two different heat treatments. One was annealed at about 800˚C for 24 h, and then directly quenched into ice water at room temperature (termed in the literature as TQ). The other was annealed at about 800˚C for 24 h, and then cooled to 500˚C quickly by compressed air and annealed at this temperature again for 24 h (termed in the literature as TQA). X-ray diffraction analysis confirmed that both the TQ and TQA samples are ordered L 21 cubic structure at room temperature. The Curie temperature and martensitic transformation temperature were determined by means of ac magnetic susceptibility. We found that both the TQ and TQA samples show identical Curie temperature at T C = 360 K and martensitic transformation temperature at M S = 286 K, respectively.
The deformation of the samples was determined from the spontaneous length change in the [001] (growth) direction by the standard strain-gauge technique. Metal strain gauges with a maximum measurement up to 5% and the highly elastic epoxy resin were utilized to ensure measurement reliability and avoid gauge debonding.
Moreover, the microstructure and substructure of martensite variants for the TQ and TQA samples were investigated by optical microscopy and transmission electron microscopy (TEM), respectively. Figure 1 shows the surface optical micrographs for samples subjected to the TQ (a) and TQA (b) heat treatments. The plane of observation is close to (001) of the parent phase. One can see that, for the TQA trained sample, the observed twins present the roof-type structure perpendicular to the [001] (growth) direction. This implies a preferential orientation of the martensite variants. However, for the TQ trained sample, the twin boundaries are disorderly and irregular, implying a random orientation of the martensite variants. From the point of view of the martensitic transformation phenomenological theory, martensite variants usually appear as thin plates with an invariant plane as a habit plane, and will grow along the habit plane direction, rather than a random one. Following the theory, as many as 24 habit plane variants may be formed in a self-accommodating manner accompanying the martensitic transformation, in order to minimize the free energy of the system. Moreover, it has been proposed that the nucleation and growth of martensite variants are closely related to the intrinsic residual internal stress of the sample [16] . Obviously, the different morphologies of martensite variants appearing on the (001) plane in the TQ and TQA samples presented in this paper well support this idea. Figure 3 shows the strain-versus-temperature curve measured in the [001] direction without an applied field or a stress for the single-crystal samples subjected to TQ (a) and TQA (b), respectively. One can see that for the TQA sample, the martensitic transformation occurs at about 286 K and the sample shrinks about 1.2% in the longitudinal [001] direction on cooling. However, in the heating run, the shrinkage is completely retrievable through the reverse martensitic transformation at about 292 K.
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On the other hand, for the sample subjected to TQ (a), the shrinkage is dramatically decreased to only 0.4% on cooling. However, it is interesting that the strain appears as an instantaneous rebound with a net expansion of about 1.2% during the reverse transformation in the heating run. Subsequent cycles of strain versus temperature showed the same asymmetrical TWSME as the first one. This implies that, with the sample in the disordering (inhomogeneously distributed) internal stresses condition, the phase transformation might take different paths in the whole temperature cycle. As mentioned above, no pre-training procedure, such as cold drawing or hot rolling, was deliberately adopted for the samples. However, the shape deformation behaviours in these two heat treatment conditions are quite different, which can be attributed to the difference of the intrinsic residual internal stress condition in the two samples. In the microstructure of martensite variants observed in optical micrographs for TQ and TQA (see figure 1) , the residual internal stress may play an important role for achieving a large TWSME. It is analogous to some mechanical treatments, such as cold drawing, hot rolling or an applied external stress, in inducing preferentially oriented variants in some shape memory alloys [4] . A detailed discussion of the effect of the residual internal stresses, based on x-ray diffraction line-width measurements, will be published elsewhere. Figure 4 shows the variation of strain along the [001] (longitudinal) direction as a function of the temperature with different magnetic fields applied along the [001] direction.
Effect of magnetic field on TWSME
One can see that when a bias field was applied, the value of shrinkage of the sample in the [001] direction increased with increasing magnetic field. For applied fields below 0.8 T, the maximum strains vary approximately linearly with field. At a field of 1.2 T, the strain reaches a saturation value of about −4.0%, which is more than three times larger than that without a field. The net strain induced solely by the field of 1.2 T in the [001] direction is λ = −4.0% − (−1.2%) = −2.8%. However, when a lateral bias field was applied to the sample along the [100] direction and the strain was measured in the [001] direction, an opposite shape deformation was obtained, as shown in figure 5 . One can see that when a lateral bias field was applied, the magnitude of shrinkage of the sample in the [001] direction initially decreased with increasing magnetic field. It is worth noting that, when the lateral field exceeds 0.3 T, the shape deformation of the sample changed by expanding upon the martensitic transformation, rather than by shrinking. These expanding deformations also increased with an increase of the field. In a field of about 1.2 T, the expansion reached a saturation value of about 1.6%. Clearly, deducting the spontaneous strain upon the transformation shows that the net strain induced solely by the field of 1.2 T is λ = 1.6% − (−1.2%) = 2.8%. Based on our previous work [12, 16] , the direction and magnitude of the strain on a free sample are dominated by the intrinsic internal stress caused during the single-crystal growth leading to the variants preferentially orienting. Accordingly, we suggest that above field-controlled TWSME could also be attributed to the driving effect of the field to either nucleate favourable variants or increase the volume fraction of favourable variants present through twin boundary motion, which has been discussed in detail elsewhere [17] . Briefly, the magnetic field could drive the twin boundaries between martensite variants based on the magnetic anisotropy of the martensite. This results in some variants realigning in the field direction and exhibiting a macrostrain for the sample. [15] . In this model, the martensite variants are orthogonal to each other and the applied field is parallel to the magnetization in one of them. Then the favourable twin variants under the field will grow at the expense of the others through the motion of the twin boundaries. According to the model, the field-induced strain in ferromagnetic shape memory alloys was attributed to the movement of the twin boundary and the reorientation of the martensite variants by the applied field. The strain can be written as [15] e(H )
where M s , K u , e, and C are the saturation magnetization, magnetic anisotropy constant, transformation strain, and effective stiffness constant, respectively. This equation shows a linear behaviour for the dependence of strain on magnetic field at weak fields. At higher fields, however, the high quadratic term should be involved. Based on the phenomenological model, the work output of this magnetic shape memory material may be expressed as W = σ · e(H ), where the stress σ is limited by the Zeeman energy, M s H . Therefore, the work can then be written as [15] Now, we estimate the work done by the sample at a field of 1.2 T. By taking M s = 0.054 T [9] , H = 1.2 T, C = 10 9 J m −3 , K u = 10 5 J m −3 , and e = 0.04, we get a work output of order 12 kJ m −3 . In comparison, the magnitude of work output is between 10 and 20 kJ m −3 for Terfenol-D, which currently is the best magnetostrictive solid [18] . Therefore, a shape memory device made from this material can be controlled in expansion, shrinkage, or non-deformation accompanying transformation, by selecting the corresponding strength and direction of the magnetic field.
Conclusion
We have studied the microstructure of the martensite following two different heat treatments for Ni 52 Mn 24 Ga 24 single-crystal samples, by means of optical and electron microscopy. It was found that the internal twins are not regular across the TQ sample. However, the TQA sample displays a rather regular distribution of twins. Moreover, the TQA sample exhibits better TWSME than the TQ sample. An important improvement of the TWSME strain has been obtained with a magnetic field bias in the TQA sample.
